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Research on terahertz waveguides is experiencing a tremendous growth due to their importance for compact
and robust THz systems. However, designing compact, broadband, mechanically stable and
environmentally shielded THzwaveguides is still a challenge due to high losses of bothmetals and dielectrics
in this frequency range.Herewe report on a novel twist on the classical tubewaveguidewherewe deliberately
introduce a thick and highly lossy cladding layer. By this we attenuate the field in the cladding and thus
prevent interference with the core field. This mechanism breaks the well-known ARROW guiding
mechanism, and as a result, extremely broad bandwidth and low dispersion can be achieved with a very
simple design. Since themain part of the field propagates inside the air-core, the propagation loss is still kept
at a very low level. Simulations, analyticalmodelling and experiments verify our findings. The proposedTHz
waveguide is robust, insensitive to external perturbation and easy to handle, and thus the design represents a
significant advance of the field of THz dielectric waveguides suitable for the 0.3–1 THz band which in the
future will be important for ultrafast wireless communication systems.
W
aveguides and functional devices for terahertz (THz) operational frequencies have gained considerable
attention in the recent years as they may offer the opportunity to make compact, reliable and flexible
THz systems available1–2. Numerous metal- and dielectric-based waveguides2–44 and devices, such as
fiber Bragg gratings (FBGs)45–47 and couplers48–55, have been studied. However, restistive losses of metals and in
particular high absorption of most dielectric materials make design of low loss THz waveguides and devices
challenging.
Apart from vacuum, dry air is the most transparent medium in the THz regime. Thus, one viable solution for
lowering the propagation loss is to maximize the fraction of the propagating power in dry air.
THz guidance in air has been achieved with low loss and low dispersion in a range of metal waveguides3–10.
Examples include the parallel-plate waveguide (PPWG)3, the coaxial waveguide5, the metal-wire waveguide6,7,9
and the two-metal-wire waveguide8–10. Such waveguides support transverse electromagnetic (TEM) or
Sommerfeld wave mode propagation with little modal dispersion and consequently very low group velocity
dispersion. At the same time, the loss can be very low in such waveguides due to the large fraction of power that
propagates in air. The power absorption coefficient increases with the square root of the frequency and has been
observed to be 0.16 cm21 at 1 THz1, 0.26 cm21 at 1 THz4, 0.005 cm21 at 1 THz5 and 0.0062 cm21 at 0.4 THz6,
respectively. The mode of metal-wire waveguide is radially polarized and difficult to be excite (,1% coupling
efficiency reported in Ref. 6) with common linearly polarized sources. To address this problem, radially polarized
emitters9 or two-metal-wire waveguides8 have been demonstrated to increase the excitation efficiency. Two-
metal-wire waveguides requires maintaining a constant sub-millimeter distance between the two wires, resulting
in a rather fragile structure. The two-metal-wire waveguide can bemade easier to handle if a dielectricmaterial10 is
introduced as holder/cladding, resulting in higher loss due to absorption in the dielectric. The losses of such
waveguides can be reduced by using dielectric materials with lower absorption. One potential candidate could be
high-resistivity silicon, which has a power absorption below 0.01 cm21 throughout the THz range11. It would
create a new area of high-quality THz interconnects if high-resistivity silicon can shaped or grown for such
purpose, but manufacturing costs currently limits such use severely. Recent work has shown relatively undis-
torted TE1mode pulse propagation in a PPWGwith large plate separation. A power absorption coefficient of less
than 0.004 cm21 below 1 THz4 has been obtained. However, the PPWG suffers to some extent from diffraction
losses due to the incomplete transverse confinement of the guided mode3–4.
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Another class of THz waveguides is based purely on low-loss
polymers, which can provide properties such as immunity to elec-
tromagnetic interference (EMI) and chemical inertness. Several
designs for dielectric waveguides with THz radiation propagation
in air have already been reported, including sub-wavelength
fibers21-22, porous fibers23–26, and hollow-core waveguides27–44. The
guiding mechanism in sub-wavelength fibers is based on total
internal reflection. The guided mode field extends far into the sur-
rounding air, thus low loss can be obtained due to the small overlap of
the propagating mode and the lossy fiber material. Further reduction
of propagation loss can be achieved by inserting a porous structure
into the solid core. However, both solid-core and porous-core sub-
wavelength fibers are very sensitive to external perturbations and
bending, which is a challenge in many applications. Hollow-core
waveguides, which normally consist of an air-core and a structured
cladding, can alleviate external disturbances as most of the field is
guided within the air core region. Several designs based on this kind
of structure have been proposed, such as photonic band gap (PBG)
type fibers28–32, Kagome type fibers33–35 and metal/dielectric
tubes36–43. For PBG type fibers, the mode is confined within the air
core with the help of dielectric reflectors or band-gap reflectors,
which prohibit the field from extending into the plane of the PBG
reflectors. However, high air filling fraction (photonic bandgap
fibers) or high refractive index contrast (Bragg fibers), as well as a
strictly periodic cladding structure, are needed to obtain an efficient
and broad bandgap28–30, which are all factors that increase the dif-
ficulty of fabrication. Porous-core honeycomb PBG fibers31–32 can to
some extent alleviate such problems of air core fibers, at the expense
of introducing more material loss. For Kagome-type fibers33–35, the
cladding can be seen as composed of an array of hollow tubes with
different shapes. Unlike the PBG type fibers that guide light bymeans
of a photonic band gap in the cladding, guiding in Kagome-type
fibers is based on the inhibited coupling due to the low density of
cladding modes and small spatial overlap of cladding modes with
core modes. This kind of guiding usually shows abrupt transmission
dips within the transmission band caused by the weak but still finite
coupling between core modes and cladding modes.
In contrast to hollow-core THz fibers with complex cladding
structure discussed above, THz tube waveguides are very simple
and normally only consist of a large air-core and a thin dielectric
layer36–40. The guiding mechanism of the tube waveguides is that of
an anti-resonant reflecting optical waveguide (ARROW)44 with a
leaky nature. Low loss has been successfully achieved nearby anti-
resonant frequency regions. However, the transmission bandwidth is
limited by the spacing of the resonant frequencies, which is propor-
tional to the refractive index and inversely proportional to the clad-
ding thickness. Oneway to improve the transmission bandwidth is to
reduce the cladding thickness. However, a uniformly thin cladding is
in practice difficult to fabricate and cleave due to its low mechanical
strength. Moreover, tube waveguides with thin walls are fragile and
sensitive to external perturbation, as the propagating mode extends
significantly outside the cladding. All these disadvantageous aspects
could appear as a limiting factor for many practical applications.
Here we present a new class of THz tube waveguides where we
deliberately introduce a high-loss, thick cladding, which serves to
absorb the propagating field in the cladding and thus prevents it to
be reflected back into the core where it otherwise would interfere
with the core mode by the normal ARROWmechanism. This results
in a very broad transmission band and low dispersion compared to a
tube fiber with low-loss cladding. The propagation loss can be kept
low due to the high (although not total) reflection that occurs at the
core-cladding interface. The supported mode profiles are frequency
dependent and show a decreasing mode area thus tighter confine-
ment with increasing frequency. As a result, the loss of this new type
of tube waveguides decreases with increasing frequency for all fre-
quencies within the transmission band, in contrast to other common
THz waveguides, but similar to the characteristics of capillary wave-
guides56. Moreover, the proposed tube waveguide is robust, insens-
itive to external perturbations and easy to handle. Finally, bending
loss of this tube is also investigated. We use a combination of simu-
lation approaches based on both the Finite ElementMethod (FEM)57
and the analytical Fabry-Perot (F-P)37model, and experimental char-
acterization with terahertz time-domain spectroscopy (THz-TDS) to
verify our findings. Briefly, the F-P model uses the calculated modal
index of refraction (the effective index) to calculate the frequency-
dependent attenuation of a tube waveguide, based on the total num-
ber of bounces of the electric field in the cladding of the material.
Results
Waveguide principle and PMMA characterization. Fig. 1(a) shows
the cross section of a PMMA tube waveguide. It has an air core with
diameter D surrounded by a cladding layer with thickness t, the
cladding layer is made of standard Poly(methyl methacrylate)
(PMMA). PMMA is specifically chosen because of its high loss, as
compared to for example the low loss cyclic olefin copolymers, such as
TOPAS11 and ZEONEX14. The tube waveguide can be described by the
ARROW guiding mechanism and its cladding effectively forms an F-P
etalon with frequency spacing given by the inverse of its optical
thickness. A cross section along the tube waveguide is shown in
Fig. 1(b). The light propagates at an angle h1, defined by sinh1 5
neff/ncore, with respect to the normal of the core-cladding interface.
Both reflection and transmission occur at the interface between the
core and cladding. The reflected part of the light continues to
propagate in the core. The part of the light transmitted into the
cladding bounces back and forth between the outer and inner
interfaces of the cladding, thereby gradually losing its energy to the
surrounding and gradually leaking back into the core where it can
interfere with the core mode. In the following, we refer to the light that
always propagates inside the core, as the first order pulse. The light
that experiences a single F-P reflection in the cladding is referred to as
the 2nd order pulse, and higher-order reflections from the cladding that
experience n times F-P reflection is defined as the pulse of order (n-1).
In order to make a precise and quantitative comparison between
experiment and simulation, the bulk dielectric properties (absorp-
tion coefficient and refractive index) of PMMA are characterized via
THz-TDS1 using a disk with a thickness of 1.02 mm. The frequency-
dependent absorption coefficient and index of refraction are shown
in Fig. 1(c). We observe a monotonically increasing absorption coef-
ficient and monotonically decreasing index of refraction with
increasing frequency. For the purpose of numerical modelling, a
simple polynomial fits to the experimental data (dashed curves in
Fig. 1(c) with fit parameters indicated in the caption) are used for
representation of the dielectric properties. As can be seen, the mater-
ial loss of PMMA is significant (approximately 60 dB/cm at 1 THz).
Simulation of straight tube waveguides. We now investigate the
transmission properties of straight THz tubes. Our numerical results
are based on two methods. We find the effective index of the
fundamental mode and the transmission spectrum using the Finite
Element (FEM) method and the overlap of the mode with the lossy
material (see methods). Correspondingly, we also simulated the
transmission properties of the THz tubes using the F-P model37
and the effective index neff found from the FEM modelling. Results
obtained from the two methods agree well with each other.
Following Lai et al.37, for each polarization component (TE and
TM) of the fundamental, hybrid waveguide mode, the F-P model
uses the reflection coefficient from the cladding,
R~ r12{
t12r23t21ei2vn2t cos h2=ce{a2t= cos h2
1{r23t21ei2vn2t cos h2=ce{a2t= cos h2


2
, ð1Þ
where v is the angular frequency, t12, r23, t21 are the standard com-
plex-valued Fresnel coefficients for transmission from air core (med-
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 5 : 7620 | DOI: 10.1038/srep07620 2
ium 1) to cladding (medium 2), reflection at the outer interface of the
cladding (medium 3 is the surrounding air), and transmission back
into the air core, respectively, n2 and a2 are the bulk refractive index
and absorption coefficient of the cladding, respectively (see Fig. 1c),
sinh2 5 (1/n2)sinh1, and the incident angle, defined from the effec-
tive index, is h1 5 sin21(neff) for an air core fiber (n1 5 1). The
effective loss is then calculated as
a~{
lnR
D tan h1
: ð2Þ
The total loss is calculated as the average of the TE and TM losses.
All the loss coefficients mentioned in this paper are defined in terms
of power.
In order to demonstrate the effect of cladding material loss on the
THz tube transmission, Fig. 2(a) shows transmission loss of the
fundamental mode for various values of cladding material absorp-
tion. Specifically, we numerically vary the cladding material loss (the
imaginary part of the refractive index) while keeping the real part of
the refractive index constant. As can be seen in Fig. 2(a), the trans-
mission loss maxima and minima positions are determined mainly
by the real part of the refractive index of the cladding through the
relation
fm~
mc
2t
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n22{1
p , ð3Þ
and remain almost constant, whereas the overall oscillation ampli-
tude decreases with increasing material loss of the cladding. The F-P
model explains this behavior in physics terms. The bouncing clad-
ding field passes through the more lossy cladding material and thus
less power is transmitted back to the core to interfere with the direct
transmitted field. Figure 2(b) shows three examples of the calculated
effective index of the tube from Fig. 2(a), and it can be seen that the
absolute value of the slope of the effective index becomes smaller with
increasing cladding loss, especially in the vicinity of the resonant loss
maxima. Consequently, the corresponding group velocity dispersion
(GVD), shown in Fig. 2(d), becomes much smaller with increasing
cladding loss. Particularly, extremely low dispersion over the full
frequency range can be obtained for a highly absorptive cladding
material, effectively eliminating the field propagating through the
cladding. The tube dimensions in Fig. 2(a), (b) and (d) are constant
with core diameter D5 4 mm and cladding thickness t5 1.29 mm.
Alternatively, a similar effect can also be achieved by increasing
the thickness of the lossy cladding. Figure 2(c) shows the transmis-
sion loss of the tube with three different cladding thicknesses,
together with the calculated loss for an infinite cladding. In addition
to the trivial observation that the loss maxima and minima shift
toward lower frequencies with increasing cladding thickness (see
Eq. (3)), the oscillation amplitudes display the same trend as the
results shown in Fig. 2(a) and become significantly smaller.
Experimental characterization of straight tube waveguides. We
perform transmission measurements on straight segments of
PMMA tube waveguides using a commercial fiber-coupled THz-
TDS system (see Methods). We label the tubes with three different
cladding thicknesses t 5 1.29, 1.97, 2.95 mm as tube 1, 2 and 3,
respectively. Measurements are performed on tubes with different
lengths (10, 20, 30, 40 cm for tube 1 and 2, and 20, 30, 40 cm for tube
3).
Figures 3(a–c) show the temporal traces of the THz pulses guided
through three PMMA tubes with the same air core size (D5 4 mm)
and different cladding thicknesses t 5 1.29, 1.97, 2.95 mm. Several
pulses are visible in the temporal traces for each tube, corresponding
to different orders of the pulses reflected in the cladding. For each
tube with different lengths, the temporal delay between adjacent
orders is constant, with a time difference proportional to the cladding
thickness. This behavior is attributed to the same transmitted path
difference between the adjacent orders of pulses in the cladding,
which can be expressed as dL 5 AB 1 BC 2 AC9 5 2n2tcosh2 (see
Fig. 1(b)). The time delay between the first and second-order pulses
in tube 1, 2 and 3, indicated with blue arrows in Figs. 3(a), (b) and (c),
are 11.8 ps, 17.6 ps and 26.0 ps, respectively, in agreement with the
theoretical valueDt5 2n2tcosh2/c, which is constant within less than
0.2 ps in the frequency range considered here due to the low disper-
sion of the refractive index of PMMA. Figures 3(d), (e), and (f) show
the corresponding propagation loss of the three tubes. Symbols rep-
resent the average value of the experimentally determined loss, based
on several measurements on each tube with different lengths. The
error bars indicate the standard deviation of the measurements. The
simulated losses, based on the FEM simulation (blue circles 1 line)
and the F-P model (black crosses), are shown for direct, quantitative
comparison. Within the frequency range from 0.3 to 0.85 THz we
find a very close agreement between experiment and simulation,
except at the loss maxima where the experimental noise is significant
due to low transmitted signal strength57. The slight deviation between
experiment and simulation at the highest frequencies above 0.9 THz
is in part caused by low signal-to-noise ratio in the experiments, but
may also be caused by reduced coupling efficiency from the reference
tube to the measured tubes at high frequencies. As predicted by
Figure 1 | Profiles of the (a) PMMA tube waveguide and (b) F-P etalon. (c) Refractive index (black curve) and material loss (blue curve) of the PMMA
polymer experimentally measured on a disk with thickness of 1.02 mm. Dashed curves are a phenomenological quadratic fits to refractive index
(n(n) 5 20.0036n2 2 0.0111n 1 1.6163) and loss (a(n) 5 35.4973n2 1 27.9105n 2 5.7586), respectively, used in the simulations.
www.nature.com/scientificreports
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simulations, the experimental results clearly show that the oscillation
amplitudes decrease with increasing cladding thickness. For the 2.95-
mm thick cladding, the F-P oscillations in the loss spectrum are
almost completely suppressed, resulting in a smooth loss curve very
close to the simulated loss for an infinite cladding. However, the
outer diameter of this waveguide is 9.9 mm, which for some practical
purposes may be too bulky.
As an alternative method, the cladding fields can be further sup-
pressed by adding a thin, strongly absorbing layer to the outside of a
tube with a thinner cladding. To investigate this idea, we performed
an experiment where a thin layer of liquid water was added around
the thinnest tube waveguide. Water has a very strong absorption in
the THz range (a < 255 cm21 at 1 THz) and a refractive index
matched reasonably well with the PMMA cladding (n < 2.05 at
1 THz)58,59 for high transmission of the THz field. These properties
make a water layer around the tube a close experimental analog to
perfectly absorbing layers in simulations, and thus the water layer
should mimic an infinite cladding. In addition to the trivial index-
matching properties, the introduction of a high-index, absorptive
layer outside the cladding introduces a sign reversal of the reflection
coefficient between the TE- and TM components of the THz field,
leading to effective cancellation of the F-P oscillations in the fun-
damental waveguidemode which is a hybrid between the TE and TM
modes. For these reasons we therefore repeat the transmission
Figure 2 | (a) Simulated propagation loss of the fundamental core mode with constant real part of index of refraction and different loss values k/kPMMA
(0 – blue; 1/2 – magenta; 1 – black; 4 – olive; ‘ - red). Lines and symbols represent FEM simulation and F-P model, respectively. (b) Calculated
effective index of the fundamental mode for the tube with three different loss values k/kPMMA. (c) Simulated propagation loss of the fundamental core
mode with different cladding thicknesses t and constant core diameter. (d) Calculated group velocity dispersion for the effective indices in (b). Core
diameter of all tubes is D 5 4 mm.
Figure 3 | (a) (b) (c) Measured time-domain THz signals, and (d) (e) (f) propagation loss averaged over the different propagation lengths of three
PMMA tubes (D5 4 mm) with various cladding thicknesses t. For tube 1 (t5 1.29 mm) and tube 2 (t5 1.97 mm), using transmission through a 5 cm
tube as reference. For tube 3, the transmitted THz signal through 10 cm tube is used as reference. Blue arrows indicate the time delay between the first and
second order pulses of each tube. Red error bars in (d) (e) (f) represent the standard deviation between several scans of each tube with different lengths.
The blue curve represents FEM simulations, and black crosses represent the analytic F-P model.
www.nature.com/scientificreports
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experiment on tube 1 with lengths 20 and 40 cm and with a 1.7-mm
thick water layer surrounding the tube external surface. The tem-
poral scans of the guided THz pulses in this situation are shown in
Fig. 4(a) and they show a prominent suppression of higher-order
pulses. The suppression increases with pulse order due to the absorp-
tion at each of the multiple reflections at the outer surface of the
cladding. In contrast to this behavior we observe that the main pulse,
propagating in the core of the tube, is virtually uninfluenced by the
added absorptive layer surrounding the cladding. Figure 4(b) shows
the measured propagation loss for the two tube lengths with and
without water jacket, together with the result of an F-P calculation
using the dielectric function of water. We see a good agreement
between the measurements and the calculations.
Further insight is obtained by performing a short-time Fourier
transform (STFT) of the time-domain traces of 40 cm tube without
and with water around the tube external surface, resulting in the
spectrograms shown in Fig. 4(c) and (d), respectively. In Fig. 4(c),
both the high and low frequency edges of each subsequent higher-
order pulse shift toward progressively lower frequencies. The high-
order pulses experience longer interaction with the lossy cladding
material, resulting in increased loss especially at the higher frequen-
cies. The red-shift of the low-frequency edge of the higher-order
pulses is due to high coupling from the core to the cladding, com-
bined with relatively low propagation loss in the cladding material at
the lowest frequencies. Again it is observed that after adding water,
themain pulse is virtually unaffected while strong attenuation occurs
for high order pulses.
Effective index and group velocity dispersion. The frequency-
dependent phase and effective index information are determined
by the measured data from THz-TDS measurements (see
Methods). The simulated (black curve) and experimental (blue
dash) effective index for tube 1 without and with water around the
cladding are shown in Fig. 5(a) and Fig. 5(b), respectively. The
experimentally determined effective index in Fig. 5(a) is obtained
by taking the average of the four individual measurements of the
index on different lengths of tube 1 (without water around the
cladding), and in Fig. 5(b) is the average of the two individual
measurements of the index on different lengths of tube 1 (with
water around cladding). We find excellent agreement between
simulation and experimental results.
The group velocity dispersion (GVD), b25 (nh2neff/hn21 2hneff/
hn)/2pc11, is obtained from the experimental effective index for tube 1
without and with water around the tube external surface. The results
are also shown as red symbols in Fig. 5(a) and (b), respectively. Since
the calculation of b2 involves the second derivative of the effective
index, the calculated results are sensitive to experimental noise, and
thus the GVD data shown here are averages over result for tubes with
different lengths, and a running average of 5 data points has been
applied. The GVD data from experiments follows the pattern of the
simulated values (black symbols).We observe that much lower GVD
values can be obtained by adding water around the tube external
surface, with only slight deviations from the ideal simulation scen-
ario with an infinite cladding, mainly due to the incomplete absorp-
tion of the second and third order pulses in the cladding.
Figure 4 | Measured (a) transmitted pulses and (b) propagation loss for 20 and 40 cm tubes (using transmission through 5 cm tube as reference) with
and without water around the tube surface. (c) and (d) show spectrograms (short-time Fourier transforms) of the time traces through 40 cm tube
without and with water around the tube surface, respectively, with overlaid time traces of the transmitted pulses.
www.nature.com/scientificreports
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Bend loss. Another important parameter associated with THz
waveguides is bending loss. The numerical analysis of the bending
is performed by employing an equivalent index profile60 given by
n9(x, y) 5 n(x, y)ex/Rbend. Here n(x, y) is the index profile of the
straight tube waveguide and Rbend is the bend radius. In the
following, X represents the bending direction. Figures 6(a) and (b)
show the geometry and refractive index profile, respectively, of the
bent tube. Figures 6(c) and (d) show the simulated transmission loss
of tube 1 using the same value for the real part of the refractive index
but three different values for the imaginary part (k5 0, k5 kPMMA,
and infinite cladding) at three different bending radii (Rbend 5 ‘,
Rbend 5 30 cm, Rbend 5 10 cm, respectively) and with polarizations
perpendicular (Fig. 6(c)) and parallel (Fig. 6(d)) to the bend
direction. The general trend is the expected behavior that the bend
loss increases with decreasing bend radius. We also see that the
frequency positions of loss minima and maxima are the same for
the tubes with and without bend loss, and that the loss minima and
maxima shift towards lower frequencies as the bend radius is
decreased, due to the increased effective cladding thickness after
bending. Losses are higher for the parallel polarization than for the
perpendicular one, with the higher frequencies being more sensitive
to bending than the lower frequencies. Similar to the straight tube
transmission loss, the oscillatory features in the bend loss spectrum
can also be suppressed if perfectly matched boundary conditions are
applied to the outer surface of the cladding, thereby mimicking an
infinite cladding. Figure 6(e) shows the intensity profiles of the
fundamental mode at 0.740 and 0.805 THz, corresponding to
resonant (low loss) and anti-resonant (high loss) frequencies for
the straight tube 1, respectively, for straight and bent (Rbend 5
10 cm) tubes at two polarizations, and with and without inclusion
Figure 5 | Simulated (symbols) and measured (curves) effective refractive index and GVD parameter b2 of tube 1 (a) before and (b) after adding water
around the surface. The measured indices in (a) and (b) are the average indices of four different lengths of the tube (before adding water)
and two different lengths of the tube (after adding water) and b2 is the average value of the running average of 5 frequency data points for each length of
tube.
Figure 6 | (a) Geometry and (b) effective refractive index profile of the bent tube. Simulation of propagation loss of tubes (ID5 4 mm,OD5 6.58 mm)
with different bending radii for two polarizations (perpendicular (c) and parallel (d) to bend direction) at various values of k. (e) Calculated
intensity distribution of fundamental mode of straight tube and bent tube for the tube with two different loss values for the two polarizations.
www.nature.com/scientificreports
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of loss. To illustrate the phenomenon of the shift of the maxima and
minima of the loss curve, we focus on the simulation without
cladding loss, as the visual difference between the intensity
distributions for the resonant and anti-resonant cases is most clear
in this case. The sub-figures in first and third columns of Fig. 6(e)
show that when the tube is bent, the resonance (0.740 THz) of the
straight tube experiences a shift towards the anti-resonance
frequency region, and the anti-resonance (0.805 THz) becomes a
resonant frequency region. The simulations with cladding loss
included show that the guided intensity becomes more
concentrated in the tube core, thereby reducing the cladding
interference behavior and thus resulting in a less pronounced
difference in the power distribution between the resonance and
anti-resonance case.
Figures 7(a) and (b) present the experimental temporal scans of
guided THz pulses through three tubes with different bending radii
(Rbend 5 ‘, Rbend 5 30 cm, Rbend 5 10 cm, respectively) and with
polarizations parallel and perpendicular to the bending direction,
respectively. Figures 7(c) and (d) show the bend losses, calculated
as the ratio of the transmitted spectrum through the bent and the
straight tube. The solid curves are experimental results for the two
polarizations. Together with the experimental results we show the
simulated bend losses (solid dots) and in general see excellent agree-
ment. The bend losses are negative at some frequencies. This is
because the maxima and minima of the loss curves shift slightly with
bend radius, as discussed above, leading to oscillations in the bend
loss spectra.
Conclusion.Wehave numerically and experimentally demonstrated
a tube waveguide, which guides THz pulses with low loss (0.05–
0.5 cm21) and low dispersion (jb2j , 10 ps/THz/cm) in the 0.3–
1 THz range, with a bandwidth much larger than a classical
ARROW waveguide. The smooth transmission profile and the
associated low dispersion is obtained by deliberately introducing
material loss to the cladding material, thus efficiently removing the
interfering fields that bounce through the cladding and back into the
core in a traditional low-loss ARROW tube waveguide. We
demonstrate that adding a thin layer of a suitable absorber, here
exemplified with water, the dispersion can be even further reduced
(jb2j , 1 ps/THz/cm in the 0.3–1 THz range), without increasing
the overall loss. The absorptive cladding is also effective for reducing
the bend loss of the fiber, which remains below 0.2 cm21 for s-
polarized light even for tight bending radii down to 10 cm. PMMA
tubes of the required dimensions are directly available in consumer
amounts. Together with the attractive broadband optical properties
in the low THz range, where future communication systems will
operate, makes this new twist on the classical tube waveguide very
attractive.
Methods
Simulations. We carry out the numerical simulations on the lowest order
fundamental core mode of the THz tubes transmission by using a commercially
available FEM solver (COMSOL 3.5a). For the straight tube waveguide, we use the
four-fold symmetry of the tube cross section to reduce the computational domain to
one quarter using proper boundary conditions. This method allows one to model a
waveguide using only one quarter of the mesh elements of the full structure. For the
bent tube waveguide, the structure has two-fold symmetry. Perfect electric conductor
or perfect magnetic conductor boundary conditions are used on the inner boundary
of the tube for solving two polarizations fundamental mode.
Measurements. We perform transmission measurements of the PMMA tube
waveguides using a commercial fiber-coupled THz-TDS system (Picometrix T-Ray
4000) with an effective spectral range 0.1–2.0 THz. The system generates single-cycle
THz pulses with a duration of approximately 0.5 ps, and we record the transmitted
signals within a time window of 320 ps by forming the average of 10.000 to 100.000
individual scans, each recorded within 10 ms (total acquisition time 100 to 1000
seconds). Subsequent Fourier analysis of the spectral content of the transmitted
signals is then used to interpret the frequency-dependent behavior of the tubes.
The general measurement protocol is as follows. For the straight tubes, first we
record the output signal of each tube type with a certain length (5 cm for tube 1 and 2,
10 cm for tube 3), and use these signals as reference signals.We then join the entrance
facets of tubes to be characterizedwith the exit facets of the reference tubes in a coaxial
(in-line) fashion, and confirm that the coupling loss between the tube segments is
negligible for frequencies below 1 THz. The THz signals transmitted through the
tubes are recorded by the THz detector, arranged and aligned so that the focal plane of
the detector is at the exit facet of the tubes. Tube 1 with 30 cm length was used for the
experimental bend-loss characterization.We use three tubes, each with total length of
Figure 7 | (a) (b) Measured time-domain THz signals, and (c) (d) bend losses of 30 cm tube sample (ID5 4 mm, OD5 6.58 mm) with 18 cm bend
length for different bending radii for two polarizations, parallel and perpendicular to the bend direction, with the simulated bend losses overlaid
on the experimental values.
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30 cm. One tube is straight and the other two are with the first and last 6 cm straight,
but with a 18-cm long bendable section in the middle. Similar to the measurement
method for straight tubesmentioned above, we again use the output from a 5 cm-long
tube 1 as reference signal, and then joining the entrance facets of tubes to bemeasured
with the exit facet of reference tube in a coaxial (in-line) connection.Wemeasured the
transmitted signal of a straight tube, and then the bent tubes with bend radii of 30 cm
and 10 cm, respectively. In order to demonstrate the relation between bending loss
and polarizations of input THz waves we performed the measurements at two dif-
ferent polarizations simply by rotating both emitter and receiver head (both linearly
polarized) of the THz-TDS system by 90 degrees.
For themeasurements of the effective index andGVD, due to a small uncertainty in
the precise length of the fibers and the unavoidable phase ambiguity in THz-TDS
when the phase varies rapidly, the measured phase data are corrected by multiples of
2p in a manner to ensure a continuous curve (except resonance frequencies) for the
effective index without artificial jumps and we compensate the phase by numerically
adjusting the distance from the exit facet to the detector by a small amount (typically
, 1 mm) to make the experimental effective index as close as possible to the simu-
lated index. This distance is impossible to maintain with micrometer precision
between measurements on different tubes, and a small shift in position leads to a
temporal shift of the received THz waveforms.
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